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INTRODUCTION 


In  Phase  I  of  this  project,  the  adequacy  of  vessel  pressure 
relief  venting  to  preclude  an  in-process  explosion  hazard  Class 
1.1,  for  204  kg  of  Ml  propellant  in  the  air  dry  module  discharge 
hoppers  in  the  Continuous  Automated  Single-Base  Line  (CASBL)  (ref 
1),  was  demonstrated.  Based  on  the  success  of  studies,  a  proposal 
was  submitted  to  determine  the  hazards  classification  of  M26  and 
M30  cannon  propellants  in  the  automated  multi-base  dryer  (Figure  1) 
in  the  Continuous  Automated  Multi-Base  Line  (CAMBL)  through  the 
use  of  subscale  vented  vessel  tests.  Presently  this  operation 
would  be  assessed  as  a  Class  1.1  mass  detonating  hazard  because  the 
nitroglycerin  content  of  M26  and  M30  is  greater  than  20  percent 
(ref  2).  It  is  estimated  that  approximately  one  million  dollars  in 
facility  construction  costs  would  be  saved  if  the  dryer  system 
could  be  demonstrated  to  present  a  Class  1.3,  burning-only,  hazard. 
Since  full-scale  tests  were  prohibitive  from  an  exposure  and  cost 
standpoint,  it  was  discussed  and  jointly  proposed  by  ARRADCOM  and 
Radford  Array  Ammunition  Plant  personnel  that  subscale  tests  be 
conducted  to  determine  the  hazards  classification  of  M26  and  M30  in 
the  CAMBL  dryer.  Under  Phase  I  studies,  initial  investigations 
demonstrated  that  subscale  vessels  could  be  used  to  determine  the 
effects  of  vessel  size  and  vent  area  on  rate  of  pressurization  from 
burning  M26  or  M30  cannon  propellants;  and  such  data  could  be  used 
as  a  method  of  predicting  full-scale  dryer  performance  (ref  3). 
Since  these  tests  were  conducted  in  thin-wall  vessels  (1/8  inch  and 
1/4  inch),  lew  values  of  maximum  pressure  and  rate  of  pressuriza¬ 
tion  were  obtained.  To  obtain  higher  values  for  these  parameters 
and  to  verify  Phase  I  results.  Phase  II2  was  conducted  to  obtain 
pressurization  data  in  heavy-wall  (1/2  inch)  subscale  vessels  hav¬ 
ing  the  same  basic  design  characteristics  as  the  vessels  used  for 
Phase  I  studies. 


^Private  communication  from  SARRA-MT-S,  28  October  1975. 
^Private  communication  from  SARRA-EN,  10  February  1978. 
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EXPERIMENTAL 


The  experimental  program  for  Phase  II,  discussed  in  the  subse¬ 
quent  pages  of  this  report,  was  based  on  results  obtained  In  Phase 
I  (ref  3)  of  the  project.  Phase  I  results  Indicated  that  one- 
fourth  scale  model  vessels  were  highly  variable  In  strength  and  did 
not  give  reproducible  results.  The  one-third  and  one-half  scale 
vessels  tended  to  fall  at  low  pressures,  but  results  indicated  that 
rate  of  pressure  rise  had  achieved  a  constant  slope  before  vessel 
rupture.  As  a  consequence,  the  one-fourth  scale  vessels  were  ex¬ 
cluded  from  additional  testing,  and  one-third  and  one-half  scale 
vessels  were  redesigned  to  provide  higher  rupture  pressures.  The 
redesigned  vessels  incorporated  1 /2-inch  carbon  steel  plates  with 
angle  iron  reinforcement  along  the  welded  seams.  The  vessels  were 
also  designed  to  permit  variation  of  the  vent  ratio  by  bolting 
predrilled  steel  plates  to  the  underside  of  the  top  of  the  vessel. 
Typical  dimensions  and  construction  details  are  shown  in  Figure  2. 

As  in  Phase  I,  propellants  tested  were  restricted  to  M26 
double-base  and  M30  triple-base  cannon  propellants.  The  propellant 
charge  for  the  one-third  scale  vessel  was  25.2  kg,  and  for  the  one- 
half  scale  vessel  85  kg,  corresponding  to  full-scale  dryer  propel¬ 
lant  weight  of  680  kg.  Propellant  properties  are  listed  in  Appen¬ 
dix  A.  Ignition  was  accomplished  by  a  2-gram  bag  igniter  submerged 
in  the  center  of  the  propellant  bed. 

Pressure-time  records  were  taken  from  pressure  transducers 
centrally  located  in  one  side  and  one  end  of  each  vessel.  The 
records  were  reduced  to  maximum  pressure  and  maximum  rate  of  pres¬ 
sure  rise.  The  instrumentation  setup  is  shown  in  Figure  3. 

The  pressure-time  records  were  reduced  according  to  procedures 
in  Appendix  B.  Pressure-time  traces  representative  of  typical  test 
results  are  also  shown  in  Appendix  B,  Figures  c,  d,  and  e. 

The  actual  tests  were  conducted  to  obtain  a  maximum  number  of 
tests  from  a  limited  number  of  test  vessels.  This  was  done  by 
adjusting  vent  ratio  for  a  given  test  based  on  results  obtained  in 
preceding  tests. 


Drvi-r 


Test  Vessel 


Figure  3.  Data  acquisition  system  arrangement 
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DISCUSSION  OF  TEST  RESULTS 


Maximum  pressure  and  maximum  rate  of  pressure  rise  test 
results  for  M26  are  shown  in  Table  1.  The  scaled  parameters  for 
the  M26  tests  are  shown  in  Table  2.  The  total  reaction  times  for 
these  tests  ranged  from  120  to  more  than  2,000  msec.  Of  the  17 
vessels  tested,  four  failed  because  of  overpressurization. 

The  pressurization  results  for  M30  are  shown  in  Table  3,  and 
the  scale  parameters  for  M30  in  Table  4.  Fifteen  tests  were  con¬ 
ducted  with  M30,with  only  two  failing  because  of  overpressurization. 
The  total  reaction  times  for  the  M30  tests  ranged  from  48  to  more 
than  1 , 500  msec . 

The  reaction  times  for  both  M26  and  M30  tests  are  very  long 
compared  to  the  reaction  times  for  vessels  transitioning  to  detonation 
(order  of  microseconds).  This  is  an  indication  that  all  tests 
produced  burning-only  reactions. 

The  failure  rate  (six  out  of  32  tests)  for  the  heavy-wall 
vessels  was  much  lower  than  the  rate  (nine  out  of  12)  for  thin- 
waLl  vessels  tested  under  Phase  I.  This  further  indicates  that 
the  burning  of  propellants  in  properly  vented  vessels  leads  to 
overpressurization  rather  than  detonation  for  these  large  granu¬ 
lated  cannon  propellants. 

A nal ysis  of  M26  Results 

The  results  of  M26  tests  are  plotted  in  Figures  4,  5,  and  6. 
Figure  4  shows  rate  of  pressure  rise  as  a  function  of  vent  ratio 
for  the  one-third  and  one-half  scale  vessels.  The  data  demonstrate 
a  rapid  increase  in  pressure  rise  as  vent  ratio  increases  for  both 
scaled  vessels.  The  data  also  show  an  increase  in  pressure  rise 
as  vessel  size  decreases,  regardless  of  vent  ratio. 

Figure  5  shows  the  effect  of  vessel  size  on  pressurization 
at  the  levels  of  vent  ratio  tested.  These  curves  show  that  for 
any  vent  ratio  the  rate  of  pressure  rise  increases  as  vessel  size 
(scale)  decreases  and  support  the  conclusions  drawn  from  the  data 
in  Figure  4.  The  large  increase  in  rate  of  pressure  rise  between 
the  R  =  650  and  R  =  725  lines  indicate  that  the  reaction  is 
accelerating  non-linearly  between  these  values  and  is  approaching 
a  critical  value  where  venting  is  not  practical. 

Figure  6  shows  scaled  rate  of  pressure  rise  as  a  function 
of  scaled  area.  This  type  of  plot  considers  both  vessel  volume 
and  vent  area  as  one  variable,  scaled  area  defined  as  vent  area 
divided  by  the  two-thirds  power  of  vessel  volume.  The  curves  show 
how  pressurization  would  vary  if  vent  area  was  actually  scaled 
according  to  vessel  size  rather  than  propellant  area. 
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Table  1 


Parameters  and  Results  of  Scaled  Vented  Vessel 
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Table  2 
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Table  3 


Parameters  and  Results  of  Scaled  Vented  Vessel 
Tests  of  M30  Cannon  Propellant 
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Table  4 


Scaled  Parameters  and  Results  from  Scaled 
Vented  Vessel  Tests  of  M30  Cannon  Propellant 
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dp/dt,  MPa/sec 


Vent  Ratio 


Figure  4.  Rate  of  pressure  rise  versus  vent  ratio  for  M26  cannon  propellant 
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Vessel  Volume,  m 


Figure  5.  Rate  of  pressure  rise  versus  vessel  scale  for  M26  cannon 
propellant 
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The  appropriate  independent  variable  for  the  full-scale  dryer 
containing  M26  propellant  is  indicated  on  each  of  these  curves. 

The  rate  of  pressure  rise,  based  on  vent  ratio  (Figure  4),  indicates 
a  maximum  in  the  full-scale  dryer  of  0.1  MPa/sec.  The  rate  of 
pressure  rise  versus  scale  data  (Figure  5)  show  a  range,  by  extrapo¬ 
lation  of  lines  of  constant  vent  ratio,  of  0.3  to  2.0  MPa/sec  for 
the  full-scale  dryer.  Using  the  scaled  parameter  data  (Figure  6), 
a  scaled  rate  of  rise  of  .002  to  .003  is  predicted  for  the  full- 
scale  dryer.  This  corresponds  to  a  rate  of  rise  of  1.0-1. 5  MPa/sec. 

All  three  treatments  of  the  subscale  data  show  that  the  full-scale 
dryer,  containing  680  kg  of  M26  propellant,  would  produce  very  low 
rates  of  pressure  rise  if  the  M26  was  bottom  initiated,  the  worst 
case  for  pressurization.  As  a  consequence,  only  burning  reaction 
would  occur.  The  dryer  containing  M26  should  then  be  treated  as  a 
Class  1.3  hazard. 

Analysis  of  M30  Results 

The  results  of  M30  tests  are  shown  in  Figures  7,  8,  and  9. 

The  M30  data  follow  the  same  trend  as  M26  data  in  each  of  the  three 
graphical  methods  of  analysis.  Comparison  of  M26  and  M30  data  shows 
that  the  spread  in  rate  of  pressure  rise  between  the  one-third  and 
one-half  scale  vessels  is  greater  for  M30.  The  rate  of  pressure 
rise,  for  a  given  scale,  between  vent  ratios  is  also  greater  for  M30 
compared  to  M26.  These  differences  for  low  pressures  are  likely  a 
result  of  the  larger  burning  rate  coefficient  (a)  for  M30  (Appendix 
A).  If  this  be  the  case,  then  at  high  pressures  M26  would  exhibit  a 
similar  effect  as  a  result  of  the  much  larger  pressure  exponent  (n) . 

Using  the  same  method  for  predicting  the  full-scale  dryer 
results  for  M30  as  for  M26,  a  maximum  rate  of  pressure  rise  based  on 
vent  ratio  is  0.01  MPa/sec;  based  on  extrapolation  of  lines  of  con¬ 
stant  vent  ratio  between  scales,  the  maximum  rate  of  pressure  rise 
would  be  about  0.01  MPa/sec;  and  using  the  scaled  parameter  curve 
the  maximum  rate  of  pressure  rise  would  be  less  than  0.05  MPa/sec. 

These  values  indicate  a  very  low  reaction  rate  for  M30,  if  bottom 
initiated,  in  the  full-scale  dryer.  As  a  consequence,  the  dryer/M30 
system  should  be  given  a  Class  1.3  burning  only  hazard. 

Math  Modeling 

Efforts  were  made  to  determine  the  type  of  function  best  describ¬ 
ing  the  rate  of  pressure  rise  as  a  function  of  individual  variables, 
and  as  a  function  of  all  independent  variables  through  stepwise 
regression  techniques. 

The  function  best  describing  rate  of  pressure  rise  (P)  as  a 
function  of  vent  ratio  (R)  was  found  to  be 

P  =  aRb 

This  function  describes  the  data  plotted  in  Figures  4  and  7,  and  is  the 
same  type  of  function  used  to  describe  reaction  in  solid  propellant 
rocket  motors  as  throat  area  varies. 
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cannon  propellant 


dp/dt,  MPa/sec 


Scaled  Rate  of  Pressure  Rise 


For  rate  of  pressure  rise  as  a  function  of  scale  (X)  at 
a  constant  vent  ratio,  only  two  points  were  available.  However, 
the  consistency  of  the  results  across  the  various  ratios 
indicates  a  function  of  the  form 

*  _ d 

P  =  cA  ,  where  c  and  d  are  constants, 
indicating  that  P  decreases  as  X  increases. 

For  the  variables  treated  together,  a  stepwise  regression 
technique  was  used.  The  stepwise  regression  model  considers  the 
effect  of  each  independent  variable  and  any  combination  of  indepen¬ 
dent  variables  on  the  dependent  variable.  A  brief  explanation  of 
this  technique  is  given  in  Appendix  C.  Using  the  stepwise  regres¬ 
sion  technique  for  both  M26  and  M30  test  results,  the  pressure 
exponent  tended  to  explain  more  than  80  percent  of  the  difference 
in  performance  between  M26  and  M30.  This  is  desirable  since  any 
model  must  show  the  effects  of  n  when  several  formulations  are 
tested. 


For  the  case  of  a  single  propellant,  the  important 
parameters  from  the  regression  were  R2  and  RX,  indicating  a  power 
dependence  on  R  and  on  interaction  between  X  and  R.  This  is 
further  verified  by  the  fact  that  the  lines  in  Fieures  5  and  8  are 
not  parallel  (ref  3).  The  model  best  describing  the  data  for  a 
given  propellant  is  then  of  the  form 

P  =  P(R2,RA) 

In  another  form  the  basic  model  would  be 

*  <2 

P  =  aR  +  bRA  +  cn .  where  a,  b,  c  are  constants. 

This  model  explained  approximately  80  percent  of  the  variability  in 
Phase  II  studies. 

To  determine  a,  b,  and  c,  it  will  be  necessary  to  refine 
vented  vessel  testing,  particularly  in  the  areas  of  pressure  measure¬ 
ments.  In  addition,  values  of  pressure  parameters  should  be  obtained 
over  a  much  wider  range  of  vessel  sizes,  which  will  require  the 
construction  of  vessels  able  to  withstand  20,000-30,000  MPa  pressure. 
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CONCLUSIONS 


Pressure  rise  rates  increase  in  magnitude  as  vent  ratio  increases 
regardless  of  vessel  size. 

Pressure  rise  rate  decreases  as  vessel  size  increases  if  vent  ratio 
remains  constant. 

Vent  ratio  squared,  scale,  and  pressure  exponent  are  the  primary 
variables  for  model  consideration. 

The  CAMBL  dryer  would  produce  low  reaction  rates  if  the  contents, 
M26  or  M30,  were  bottom  initiated  based  upon  the  scaled  tests  and 
mathematical  analysis  that  have  been  conducted. 

Based  on  the  results  of  the  scaled  down  tests  and  mathematical 
analysis,  the  680  kg  of  either  M26  or  M30  cannon  propellants  in  the 
CAMBL  dryer  are  expected  to  bum  if  initiated;  therefore,  the  dryer 
should  be  assessed  a  burning-only  Class  1.3  hazards  classification. 
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RECOMMENDATIONS 


Based  on  the  results  of  this  study,  the  following  recommendations  are 
made: 

1.  That  the  CAMBL  dryer,  containing  680  kg  of  M26  or  M30  cannon 
propellant,  be  assigned  a  Class  1.3  burning-only  hazard  classification. 

2.  Since  the  scaled  down  tests  and  analysis  resulted  in  a  valid  prediction 
for  the  full  scale  dryer,  consideration  should  be  given  to  further 
efforts  toward  math  modeling  on  other  configurations. 
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APPENDIX  A 


PROPERTIES  OF  CANNON  PROPELLANTS 
USED  IN  SUBSCALE  TESTS 


_ Formula  tlonl/ 

Property  M2  6 _  M30 

Dimensions : 


Perforations 
L  -  Length,  mm 
OD  -  Outside  Diameter,  mm 
ID  -  Inside  Diameter,  mm 
W  -  Web ,  mm 

S  -  Surface  Area  per  Unit  Weight, 
m2/kg 

p  -  Density,  kg/m3 

S/V  -  Specific  Surface,  m-1 

Hexp  -  Heat  of  Explosion,  J/kg2/ 

(Hp)g  -  Average  Molecular  Weight 
of  Products,  g/g-mole 
Ty  -  Isochoric  Flame  Temperature, 

CCp)g  ~  Heat  Capacity  at  Constant 
Pressure,  J/kg.K 
a^'  -  Pressure  Coefficient 
n3/  -  Pressure  Exponent 


11.36 

16.82 

5.182 

7.722 

0.457 

0.711 

0.940 

1.473 

0.92 

0.57 

1619 

1661 

9.73 

6.22 

4.0 

4.3 

24.06 

23.21 

2803 

2767 

1.80  x  10~3 

1.80  x  10 

0.00083 

0.0057 

0.87 

0.65 

1/  Formulation  refers  to  ingredients  and  granulation  refers  to 
physical  size  and  design  of  granules. 

2/  Experimental 

3/  From  r  =  apn  at  °C  (21°) 
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APPENDIX  B 


REDUCTION  OF  PRES SURE -TIME  RECORDS 


The  output  from  the  pressure  transducers  is  in  ohms,  and  the  resulting 
oscillograph  record  is  a  curve  of  output  in  ohms  as  a  function  of  time. 
To  convert  ohms  to  gage  pressure,  the  output  of  the  gage  is  measured 
for  four  pressure  levels  during  calibration,  and  a  gage  factor  is 
established.  These  four  steps  are  recorded  on  the  record  prior  to  the 
actual  test  (see  Figure  a.  below).  The  height  from  the  base  line 
(zero  pressure)  to  each  step  is  measured  and  recorded  as  h^.  The 
pressure  at  any  desired  point  is  obtained  by  measuring  the  height  (hQ) 
of  the  pressure  paint  above  the  base  line  (see  Figure  b.)  and  using  the 
formula: 


Pressure  =  x  gage  factor 
hi 


1 

£ 


Full  Scale 
3/4  Scale 
1/2  Scale 
1/4  Scale 


Time 


Base  Line 


Figure  a. 
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The  time  between  any  two  points  along  the  base  line  is  determined  by 
counting  the  timing  marks  between  two  points  and  multiplying  by  the 
time  factor.  This  factor  is  selected  prior  to  testing  and  the  marks 
are  from  an  internal  oscillator. 


To  calculate  rate  of  pressure  rise,  two  points  on  the  pressure-time 
curve  are  selected  and  the  pressure  measured  at  these  points.  The 
time  between  these  points  is  measured  and  rate  of  pressure  is 
calculated  from: 


Rate  of  Pressure  Rise  = 


P2  ~  ?! 

t2  -  tx 


Typical  pressure-time  records  from  Phase  III  tests  are  shown  in 
Figures  c,  d,  and  e. 
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APPENDIX  C 


BRIEF  EXPLANATION  OF  STEPWISE  REGRESSION  TECHNIQUE 


The  stepwise  regression  technique  used  for  analyses  of  pressurization 
was  described  by  the  model  written. 


Y  =  a0  +  (a^  +  bLX2  +  ....  +  K1Xn) 

+  (b2X12  +  b2X22  +  ....  +  K2Xn2) 

+  (b3X13  +  b3X23  +  ....  +  K3Xn3) 

+  ....  +  (a^X^X2  +  b4X2X3  +  ....) 

+  (a5XLX2X3  +  ....) 

+  higher  order  terms,  where  an,  bn,  ...  Kjj  are  arbitrary 
constants  (coefficients),  and  the  X’s  are  independent 
variables. 


The  data  for  each  dependent  variable  and  the  associated  independent 
variables  are  input  to  the  computer  program.  The  program  performs 
the  necessary  operation  on  the  independent  variables  (such  as  squaring 
each  variable  and  multiplying  two  or  more  variables)  to  obtain  a  new  set 
of  variables.  The  new  variables  are  then  entered  one  at  a  time  and  the 
fit  to  the  data  computed.  This  process  continues  until  all  new  data 
are  entered  into  the  program.  The  best  fit  is  then  determined  from  the 
statistical  output.  The  variables  and  coefficients  for  this  fit  are 
selected  and  the  model  written.  The  model  giving  the  best  fit  for  the 
Phase  III  data  was  of  the  form 


= 

dt 


a^R2  + 


a2RA  +  a3n. 
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APPENDIX  D 


Definition  of  Terms 

vent  ratio  =  propellant  surface  area 
vessel  vent  area 

propellant  energy  =  heat  of  explosion  per  unit  weight 

free  volume  =  volume  above  propellant  within  test  vehicle 

vessel  size  =  volume  and  cross  sectional  area 

scaled  vessel  =  dimensional  relationship  to  full  scale 

rate  of  pressure  rise  =  ,  dP  . 

(  It  ) 

scaled  vent  ratio  «=  (subscale  area)2/3  X  given  vent  ratio 

actual  area  for 
given  vent  ratio 
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